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The Mechanism of Membrane Insertion for a
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for Pore-Forming Toxins
large pores, and in every case, the cytolytic activity of
CDCs requires the presence of cholesterol in mem-
branes.
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2Department of Medical Biochemistry and Genetics related to the CDCs. The crystal structure of the mem-
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4Department of Biochemistry and Biophysics stranded membrane-penetrating b barrel (Song et al.,
1996). The a-hemolysin transmembrane b barrel is as-Texas A&M University
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Fitzroy, Victoria 3065 Olson et al. (1999) have suggested that the transmem-
brane domain of a-hemolysin originates from the exten-Australia
sion of folded b strands in the monomer into a b hairpin
in the oligomer that spans the membrane.
The crystal structure of the soluble monomeric formSummary
of PFO was recently solved by us (Rossjohn et al., 1997),
and it does not resemble the crystal structures deter-Perfringolysin O (PFO), a water-soluble monomeric cy-
mined for the soluble monomers of LukF protein or Bacil-tolysin secreted by pathogenic Clostridium perfringens,
lus anthrax protective antigen (PA; Petosa et al., 1997),oligomerizes and forms large pores upon encounter-
other than the large amount of b sheet structure presenting cholesterol-containing membranes. Whereas all
in each toxin. The crystal structure of a membrane-pore-forming bacterial toxins examined previously
bound PFO oligomer is not yet available, but models ofhave been shown to penetrate the membrane using a
membrane-bound CDCs have been proposed based onsingle amphipathic b hairpin per polypeptide, cyste-
the crystal structure of the PFO monomer (Rossjohn etine-scanning mutagenesis and multiple independent
al., 1997) and on cryoelectron microscope data obtainedfluorescence techniques here reveal that each PFO
with pneumolysin membrane-bound oligomers (Gilbertmonomer contains a second domain involved in pore
et al., 1999). Based largely on the findings of Nakamuraformation, and that each of the two amphipathic b
et al. (1995), Rossjohn et al. (1997) suggested that do-hairpins completely spans the membrane. In the solu-
main 4 of PFO formed the transmembrane domain,ble monomer, these transmembrane segments are
whereas Gilbert et al. (1999) proposed a model in whichfolded into six a helices. The insertion of two trans-
regions of domains 3 and 4 of pneumolysin only partiallymembrane hairpins per toxin monomer and the major
insert into the membrane and that an actual pore ischange in secondary structure are striking and define
not formed. However, data from Shepard et al. (1998)a novel paradigm for the mechanism of membrane
suggested that at least a part of domain 3 inserts intoinsertion by a cytolytic toxin.
the membrane. Therefore, the mechanism by which the
CDCs interact with the membrane remains contro-
Introduction versial.
In the present study we describe the existence of a
Cholesterol-dependent cytolysins (CDCs) (formerly known second region in domain 3 of PFO that interacts with
as thiol-activated cytolysins) are produced by a large the membrane and undergoes an a-helical to b-strand
number of pathogenic gram-positive bacteria (reviewed transition, but is distinct from that described by Shepard
in Tweten, 1995). The primary structures of the various et al. (1998). Furthermore, we show experimentally that
CDCs are similar and exhibit between 40% and 70% each of the two amphipathic b hairpins described herein
homology. The secreted forms of the CDCs are highly and by Shepard et al. (1998) completely spans the bi-
water-soluble monomers, yet they ultimately form large layer. The existence of two membrane-spanning b hair-
homooligomeric complexes that are embedded in the pins per monomer is striking for membrane-active tox-
membrane. These complexes vary in size and may con- ins, as is the a-helical to b-strand transition in each
tain up to 50 individual monomers in the case of perfrin- transmembrane domain. The mechanism of spontane-
golysin O (Olofsson et al., 1993). These toxins therefore ous PFO insertion into the lipid bilayer therefore differs
disrupt the membranes of cells by the formation of dramatically from that of other toxins examined to date.
Yet, based on the high degree of sequence similarity
among CDCs, it seems likely that these structural fea-6 To whom correspondence should be addressed (e-mail: rod-tweten@
tures and the mechanism of membrane insertion will beouhsc.edu [R. K. T.], aejohnson@tamu.edu [A. E. J.]).
7 These authors contributed equally to this work. common to all members of the CDC family of toxins.
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These data therefore provide novel insights into how
these toxins interact with the membrane and construct
a transmembrane pore.
Results
Experimental Approach and Background
To determine directly the environment of a particular
amino acid side chain in membrane-bound PFO oligo-
mers, that residue is replaced by a cysteine and covalently
modified to attach a 7-nitrobenz-2-oxa-1,3-diazolyl (NBD)
dye to the sulfhydryl group of the cysteine (Shepard et
al., 1998). This approach requires an otherwise cysteine-
free protein, and hence we use a PFO derivative in which
the single natural Cys (C459) was replaced by Ala with-
out altering the functionality of the protein. The spectral
properties of the NBD-labeled PFO are then determined
before and after it is bound to membranes. NBD was
chosen as the fluorescent probe in this study because
its emission intensity and lifetime both increase sub-
stantially upon moving from an aqueous solvent into the
hydrophobic interior of the bilayer (Crowley et al., 1993,
1994; Shepard et al., 1998). By using this water-sensitive
fluorescent dye to detect an alternating pattern of aque-
ous (facing the pore) and nonaqueous (facing the nonpo-
lar core of the bilayer) environments of amino acid side
chains in the membrane-bound toxin, we previously
showed that residues S190±N217 of PFO (here desig-
nated transmembrane hairpin 1 or TMH1) form an amphi-
pathic b hairpin at the bilayer (Shepard et al., 1998). If
this membrane-interacting domain had been an amphi-
Figure 1. Membrane Binding±Dependent Fluorescence Changes ofpathic a helix, then residues facing the aqueous phase
NBD Probes Located at Sites within TMH2or the nonpolar bilayer would not have alternated, but
(A) The emission intensity of a NBD-labeled PFO mutant was deter-would instead have conformed to a pattern of aqueous
mined at 258C (Fsoluble) and then liposomes were added and incubatedand nonaqueous environments predicted by a helical
(378C, 10 min) before the emission intensity of the membrane-bound
wheel analysis. PFO was measured at 258C (Fmemb). The ratio of these two values
We observed in the crystal structure of monomeric indicates the extent of change of NBD environment upon binding
PFO that the conformation of residues K288±D311 was to the membrane (a high ratio occurs when NBD moves from an
aqueous to a nonpolar milieu).remarkably similar in its secondary and tertiary structure
(B) The fluorescence lifetimes are shown for NBD-Cys that has beento that of TMH1, although their primary structures
substituted for residues between 295 and 305. The lifetimes areshowed no similarity. Like TMH1, residues K288±D311
shown for membrane-bound NBD-PFO and the major soluble mono-
also formed three short a helices at the end of two long meric component. The half-widths of the Lorentzian distributions
b strands. If these residues formed a second membrane- ranged between 0.3 and 1.5 ns for the short fluorescence lifetimes,
facing amphipathic b hairpin (TMH2), then the hairpin and between 1.6 and 3.4 ns for the long fluorescence lifetimes. x2
values were less than 4.8 for all membrane-bound PFO samples,would include the following residues: K288DVQAAFKALI
and ranged from 1.0 to 7.3 for soluble PFO samples.KNTDIKNSQQYKD. This region would not normally be
The residue number of every fifth amino acid in the TMH2 sequencepredicted to be capable of forming a membrane-associ-
is shown on the X axis. ND, not determined.
ated b hairpin based on the primary sequence because
the middle of the second strand of the putative amphi-
pathic hairpin (T301DIKNSQQYK) contains two polar resi- of the resulting 23 singly labeled PFO derivatives be-
dues, N305 and Q307, that are predicted to be buried tween residues K288 and D311 (D289 was not mutated)
in the membrane. However, a preliminary analysis identi- retained .70% of the wild-type hemolytic activity after
fied a membrane-dependent change in the fluorescence being labeled with NBD (data not shown). Three mutants
intensity of the NBD-labeled I303C PFO mutant that (NBD-labeled T301C, D302C, and D311C) exhibited ac-
suggested that this residue was moving into a nonpolar tivities ranging between 47% and 60% that of wild-type
environment. We therefore began a detailed examina- PFO. Two residues, V290 and A293, exhibited #10% of
tion of this region to determine whether it is also inserted the wild-type activity after labeling with NBD, while the
into the bilayer. F294C and S306C mutants were inactive or unstable in
their unlabeled form. Interestingly, V290, A293, and F294
are the only residues in TMH2 that are completely con-Site-Specific Mutation and NBD Labeling
of Residues K288±D311 served among the sequenced CDCs. Hence, our inability
to generate stable and/or active NBD-labeled deriva-The residues in the putative TMH2 were substituted,
one-at-a-time, with cysteine and modified with a sulfhy- tives with cysteine at those locations suggests that cer-
tain perturbations at these sites are not well tolerated.dryl-specific iodoacetamide derivative of NBD. Sixteen
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Membrane-Dependent Fluorescence Intensity In each case, the shorter t (z1 ns) predominated (.80%
of the NBD dyes had this t), thereby revealing that theChanges of Probes in TMH2
When the NBD fluorescence intensity of a particular probes were exposed to water because the t ranged
between 0.4 ns and 1.2 ns (Figure 1B). This is consistentmembrane-bound PFO-mutant (Fmemb) was compared to
its intensity as a soluble monomer (Fsoluble), a pattern with the observation that the three a helices that com-
prise TMH2 are largely solvent exposed in the crystalof alternating small and moderate-to-large membrane-
dependent intensity changes was observed. These in- structure of the monomer (Figure 4A). The origin of the
observed second minor component of the lifetime datatensity changes (Figure 1A) are consistent with this
stretch of PFO forming an amphipathic b hairpin at a is not clear, but the longer t (z3 ns) suggests that the
second environment has some nonpolar character. Thebilayer interface when PFO binds to cholesterol-con-
taining liposomes. Since the alternating pattern changed fact that each mutant exhibits two lifetimes indicates to
us that each NBD probe in TMH2 exists in two statesphase (even-numbered residues facing the channel to
odd-numbered residues facing the channel) between in the monomer, possibly because TMH2 is structurally
dynamic in the monomer. Such conformational flexibilityamino acids I298 and K299, the hairpin turn appears to
occur near this location. would not be surprising since this portion of the protein
must undergo a major structural change when con-However, intensity changes do not unambiguously
identify the environment of the probes following mem- fronted with a cholesterol-containing membrane (see
below).brane binding, both because comparing intensity changes
can be misleading if the initial intensities are not the After PFO interacts with the membrane, some pre-
viously short NBD t values become long (Figure 1B),same or similar, and also because the measured inten-
sity is an average value and may obscure heterogeneity consistent with the probe moving into a nonaqueous
environment. Since short t values indicate that NBD isin the sample. For example, a probe initially buried inside
a folded PFO monomer will show little or no intensity in an aqueous environment, probes located at residues
295, 297, 300, 302, and 304 are in an aqueous milieu inchange if it ends up in the similarly nonpolar interior of
the bilayer. In such a case, a probe could insert into the the membrane-bound complex, while NBD probes at
positions 296, 298, 299, 303, and 305 are in a nonaque-bilayer without experiencing a large increase in emission
intensity. To determine unambiguously the environment ous milieu because of their long (.5 ns) fluorescence
lifetimes. In addition, the t of membrane-bound PFOand homogeneity of NBD probes in a sample, we used
time-resolved fluorescence techniques to measure the with an NBD-Cys positioned in place of residue 288 was
8.3 ns (not shown in Figure 1B). The fluorescence lifetimefluorescence lifetime of every probe in the sample.
data therefore clearly establish that the environments
of the amino acid side chains in TMH2 alternate betweenFluorescence Lifetimes of NBD-Modified PFO
aqueous and nonaqueous in membrane-bound PFO.The fluorescence lifetimes of several NBD-labeled mu-
The lifetime data are also fully consistent with the inten-tants were analyzed to assess the probe's environment
sity data in Figure 1A. The TMH2 polypeptide is thereforebefore and after the toxin had bound to cholesterol-
in a b sheet conformation in membrane-bound PFO.containing liposomes. Since the NBD dye has a fluores-
It is clear from the lifetime and intensity data that odd-cence lifetime (t) of z1 ns in an aqueous milieu and 6±8
numbered residues at position 299 and above are in ans when in the hydrophobic core of the bilayer (Crowley
nonpolar milieu, while even-numbered residues at 298et al., 1993; Shepard et al., 1998), t analysis not only
and below are also in a nonpolar milieu. This change inreveals the nature of the NBD environment(s), but also
phase between residues 298 and 299 indicates a breakreveals the fraction of dyes in each environment (i.e.,
in the secondary structure pattern and identifies thesample heterogeneity). We chose to examine single-site
location of the turn in the b hairpin loop formed by TMH2.mutants between residues 295 and 305 because these
The exact position of the hairpin turn is ambiguous be-sites were located on both sides of the predicted hairpin
cause the alternating b sheet pattern is maintained withand included potential turn residues, 297±300. We also
a turn at residues 298±299, 299±300, or 297±298. Al-examined the t value of an NBD dye in place of residue
though the fluorescence data cannot distinguish unam-K288 since this residue lies near the other end of the
biguously between these possibilities, residues 299 andputative b hairpin.
300 are most likely positioned at the turn because thisIn this study, each membrane-bound NBD-labeled
placement would not require any rearrangement of hy-mutant had a single NBD fluorescence t because the
drogen bonds in forming an extended b sheet hairpinmeasured phase and modulation data were best fit (i.e.,
that would include the core b sheet of domain 3 (seehad the lowest x2) by a simple Lorentzian distribution
below).with a small (typically #3%) light scattering component.
Although not all of the residues in TMH2 were sub-If we assumed that the samples contained NBD dyes in
jected to the more rigorous fluorescence lifetime analy-two different environments with different t values, the
sis, the lifetime data unambiguously show that aminofit did not significantly improve whether or not light scat-
acids along the sequence of TMH2 alternate betweentering was included. Thus, our membrane-bound sam-
being in a hydrophilic and a hydrophobic environment.ples were homogeneous, and essentially all of the NBD
Since the same amphipathic pattern was obtained fromprobes in a particular sample were in the same environ-
the intensity data, it appears that amino acids betweenment (i.e., aqueous or nonaqueous).
residues 288 and 311 of the PFO polypeptide form anIn contrast, the lowest x2 values were obtained with
antiparallel b sheet conformation at the membrane, withthe soluble monomer by assuming that the phase and
one side of the b sheet facing the aqueous solvent andmodulation data were generated by NBD dyes in two
different environments (i.e., with two discrete t values). the other facing either the bilayer or the protein.
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Figure 3. TMH1 and TMH2 Each Span the Phospholipid Bilayer
Quenching of TMH1 (A) and TMH2 (B) in membrane-bound NBD-
labeled PFO by 12-NO-PC was examined as described in Experi-Figure 2. Quenching of TMH2 Probes with Hydrophilic and Hy-
mental Procedures. The extents of 12-NO-PC quenching of NBD-drophobic Quenchers
PE and NBD-cholesterol are shown by the dashed and dotted lines,
(A) The accessibility of membrane-bound NBD-PFOs to iodide ions respectively. The uncertainties in F/F0 values associated with repeatedthat are restricted to the aqueous phase was measured. The bimo- measurements are denoted on the graph by the SE bars. However,
lecular quenching constant, kq, reflects the true collisional quench- the values were ,0.01 for TMH1 and ,0.04 for TMH2, and so most
ing frequency between I2 and NBD dyes more accurately than does error bars are smaller than the circles on the graph. The asterisks
Ksv because the lifetime of the NBD differs considerably for dyes denote the residues in the b turn at the end of each hairpin.
located in aqueous and nonaqueous environments.
(B) The accessibility of the probes in NBD-labeled PFO to mem-
to different extents. Therefore, NBD attached to resi-brane-restricted 7-NO-PC is shown. The fluorescence intensity of
the NBD-labeled PFO mutant was determined after binding to lipo- dues that face the aqueous milieu will be quenched by
somes in which either 0% (5 F0) or 20 mol% (5 F) of the POPC was I2, whereas those that are buried in the membrane will
substituted with 7-NO-PC. be quenched by the 7-NO-PC.
All replicate measurements were within 5% for those samples that
The same NBD-labeled mutants that had been sub-exhibited significant quenching.
jected to lifetime analysis were also evaluated for their
accessibility to both I2 and the 7-NO-PC. I2 reduced
Detection of NBD Location Using Hydrophilic and the fluorescence intensities and lifetimes of NBD-Cys
Hydrophobic Collisional Quenching Agents residues located at positions 295, 297, 300, 302, and
To determine whether TMH2 was positioned at a mem- 304, but these mutants were not quenched by 7-NO-
brane±solvent interface or on the surface of the protein, PC (Figure 2). Thus, these residues are located in the
we examined the accessibility of the NBD to aqueous aqueous milieu in membrane-bound PFO. In contrast,
and membrane-restricted collisional quenching agents. NBD dyes located at positions 296, 298, 299, 301, 303,
An NBD dye inside the bilayer should not be quenched and 305 were all quenched to various extents by the
by hydrophilic quenchers such as iodide ions because nitroxide-labeled phospholipids in the bilayer, but were
they do not enter the nonpolar core of the bilayer (Crow- poorly quenched by I2. The alternating and complemen-
ley et al., 1994; Shepard et al., 1998). But such an NBD tary hydrophilic and hydrophobic quenching data there-
probe should be accessible to hydrophobic quenchers, fore independently show that TMH2 is arranged as a
such as the uncharged nitroxide group of 7-doxyl- membrane-exposed amphipathic b hairpin. Since the
labeled phosphatidylcholine (7-NO-PC), that are re- nitroxide of the 7-NO-PC is restricted to the membrane,
stricted in location to the interior of the membrane (e.g., the nonpolar-facing residues of TMH2 are therefore bur-
Chattopadhyay and London, 1987). This doxyl group is ied in the lipid bilayer, not in the PFO protein.
positioned approximately in the middle of each leaflet
of a bilayer and because of the flexibility and dynamic TMH1 and TMH2 Both Span the Bilayer
motion of the acyl chain, any NBD probe facing the bilayer The above spectral data demonstrate that TMH2 forms
an amphipathic b hairpin in membrane-bound PFO, justwill contact this nitroxide moiety and be quenched, though
Membrane Insertion of a Cholesterol-Dependent Cytolysin
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as we previously showed that TMH1 forms a similar
hairpin in membrane-bound PFO. However, the present
data and that of Shepard et al. (1998) do not distinguish
between a hairpin that lies on the membrane surface or
one that spans the bilayer. To discriminate between
these two possibilities, we employed a lipophilic colli-
sional quencher, 12-doxyl-phosphatidylcholine (12-NO-
PC), whose nitroxide moiety is located approximately
halfway between the center of a leaflet and the center
of the bilayer. Although the nitroxide attached to flexible
acyl chains in fluid bilayers can dynamically reach and
quench most sites on a transmembrane polypeptide,
NBD dyes will be quenched most efficiently if they are
located at the same level in the bilayer as the average
position of the nitroxide (Chattopadhyay and London,
1987). The depth dependence of 12-NO-PC quenching
was shown by the following controls. NBD covalently
attached to the aliphatic tail of a cholesterol molecule
was effectively quenched by 12-NO-PC (Figure 3), con-
sistent with its location near the center of the bilayer.
In contrast, NBD was poorly quenched by 12-NO-PC
when the dye was covalently attached to the polar head
group of phosphatidylserine and hence positioned at
the surface of the bilayer. Thus, if a b hairpin spans the
bilayer, one would expect to see different extents of
quenching for NBD dyes positioned at different loca-
tions within the bilayer. In contrast, if a b hairpin is lying
along the membrane surface, then the NBD dyes facing
the bilayer would all be located at the same depth within Figure 4. The Proposed Structural Transitions in the Transmem-
the nonpolar core and hence would all be quenched brane Domains of PFO upon Membrane Insertion
to the same extent (or nearly so) by 12-NO-PC. (A) The ribbon representation of the a-carbon backbone of the crys-
The observed quenching for selected TMH1 mem- tal structure of soluble PFO is shown with TMH1 (red, residues
S190±N217) and TMH2 (blue, residues K288±D311) highlighted. Do-brane-facing residues was very dependent on the loca-
mains 1±4 are identified as D1±D4. The core b strands of domain 3tion of the probe (Figure 3A), and hence the pattern is
are numbered 1±4 for reference with (B).that predicted for a transmembranous b hairpin. Resi-
(B) The structures of TMH1, TMH2, and the domain 3 core b sheetdues L196 and F211 are predicted to be located approxi-
(in green) as they are in the soluble PFO monomer are shown on
mately in the middle of the bilayer, and NBD probes the left. Shown on the right is the proposed extension by the TMHs
located at these positions were quenched most effi- of the preexisting core b sheet of domains 3 to form the membrane-
spanning dual hairpin structure of membrane-inserted PFO. Theciently by 12-NO-PC. Residues V202 and L203 are lo-
locations of residues K189 and D311 of TMH1 and TMH2, respec-cated near the turn of the TMH1 b hairpin (Shepard et
tively, are noted on both structures (in purple).al., 1998), whereas I192 and N217 are predicted to be
near the membrane surface at the other end of the TMH1
b hairpin. NBD-Cys residues at these locations were the membrane, whereas other membrane-penetrating
least efficiently quenched by the 12-doxyl quencher. bacterial toxins examined to date utilize, per monomer
The different quenching efficiencies show unambigu- unit, a single pair of transmembrane amphipathic a heli-
ously that TMH1 forms a b hairpin that spans the lipid ces (Shin et al., 1993; Oh et al., 1996) or a single b hairpin
bilayer in the membrane-bound oligomeric PFO complex. (Song et al., 1996; Petosa et al., 1997; Benson et al.,
Similarly, the NBD-Cys substituted for membrane-fac- 1998). Furthermore, the structures of the two mem-
ing residues located near the predicted turn of TMH2 b brane-spanning domains in both the soluble monomer
hairpin (I298, K299, T301) or near the membrane surface and membrane-bound oligomer forms of PFO demon-
at the other end of the b hairpin (K288, D311) were least strate that each TMH undergoes a large a-helical to
efficiently quenched by the 12-NO-PC, while probes lo- b-strand transition that involves at least 52 residues
cated near the middle of the bilayer (A292 and N305) (11%) of PFO. Other examples of b sheet±forming pep-
were most efficiently quenched (Figure 3B). Further- tides in toxin oligomers are found as unstructured loops
more, the quenching patterns in Figures 3A and 3B are or as b strands in the soluble monomers (Benson et
very similar. It is therefore clear that both the TMH1 and al., 1998; Olson et al., 1999). The a-helical to b-hairpin
TMH2 domains span the bilayer completely as trans- structural transition that both TMH1 and TMH2 of PFO
membrane b hairpins. undergo is striking among membrane-active toxins and
examples of such secondary structure transitions are
rare.Discussion
The precise nature of the structural changes that lead
to the disruption of the a-helical structure of the TMHs isOur data demonstrate that the membrane insertion of
PFO exhibit novel characteristics for a cytosolic toxin. not yet clear. It is apparent by inspection of the monomer
structure that domain 3 must move away from domainPFO utilizes a pair of amphipathic b hairpins to penetrate
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2 to allow TMH1 to extricate itself from its relatively quenching by the membrane-restricted nitroxide, a sce-
nario which is not supported by our data (Figure 3; Shep-buried position in the monomer and extend into a b
ard et al., 1998). In addition, the suggestion by Gilberthairpin. Furthermore, it seems likely that the strands of
et al. (1999) that the EM-detected pore is not a hole in thethe core b sheet of domain 3 will simultaneously twist
bilayer, but rather represents an unusual phospholipidslightly to facilitate the creation of the TMHs by the
phase structure, is also not consistent with conductivitysimple extension of the preexisting domain 3 b strands.
data obtained with PFO (Menestrina et al., 1990; O. S.These structural rearrangements, the transformation of
and R. K. T., unpublished data) that demonstrate themonomeric a helices into b strands, would then create
presence of large ion-conducting channels. Therefore,four elongated b strands in which the TMHs would ex-
it remains to be seen whether the differences betweentend into the bilayer and the core b sheet of domain 3
our conclusions and those of Gilbert et al. (1999) repre-would be located above the bilayer (Figure 4). We there-
sent differences in the membrane-bound structures offore hypothesize that the structural transition in domain
pneumolysin and PFO and/or differences in the resolu-3 is initiated by conformational changes that disrupt the
tion of the techniques employed in the studies.interactions between the TMH helices and the domain
The use of dual transmembrane domains by PFO to3 core, the unfolding of the now-destabilized short TMH1
interact with the membrane is novel among bacterialand TMH2 helices, and the subsequent zipping up of
toxins, as are the a-helical to b-sheet transitions in thethe TMH1 and TMH2 polypeptides into anti-parallel b
secondary structure of the TMHs upon membrane pene-hairpins. Thus, the core b sheet of domain 3 would nucle-
tration by PFO. These structural transitions and theate the formation of an extended b sheet in the oligomer
mechanism of membrane penetration observed for PFOthat spans the membrane with TMH1 and TMH2.
define a novel paradigm for the spontaneous penetra-Is the double hairpin structural motif consistent with
tion of the membrane by a pore-forming toxin.the observed size of PFO pores? Olofsson et al. (1993)
have reported that pores containing about 50 PFO sub-
Experimental Proceduresunits had an inner radius of 150 AÊ , and hence a pore
circumference of 942 AÊ . Since antiparallel b strands are Preparation of PFO Derivatives
separated by 4.72 AÊ , a single monomer would provide The gene for PFOC459A, the cysteine-less derivative of PFO in which
C459 was replaced by alanine, was cloned in pTrcHisA (Invitrogen,about 18.9 AÊ (or 21.8 AÊ ) of b barrel to the pore's circum-
Carlsbad, CA) and used as the template for all cysteine-substitutionference if the hairpins are oriented perpendicular to the
mutagenesis. The generation of cysteine-substituted derivatives ofbilayer (or 308 to the perpendicular). A 150 AÊ ±radius
PFOC459A, their expression, and their purification have been described
pore would therefore be predicted to require 50 (or 43) previously (Shepard et al., 1998). Single-cysteine mutants of PFO
monomers. The discovery that each monomer provides were 90%±100% labeled with NBD and purified as before (Shepard
et al., 1998). The hemolytic activities of all NBD-labeled and unla-two b hairpins therefore agrees very well with the
beled proteins were determined as before (Shepard et al., 1998).estimates of pore size and composition derived from
EM data.
Liposome PreparationAlthough the overall primary structures of the CDC
All phospholipids were obtained from Avanti Polar Lipids (Alabaster,
toxins share a high degree of homology, the TMHs of AL). Cholesterol was obtained from Steraloids (Wilton, NH). Large
PFO and those predicted for the other CDCs are among unilamellar liposomes were generated as before (Shepard et al.,
1998). Liposomes used in lipophilic quenching experiments werethe least homologous regions of the CDCs. However,
prepared using 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholinethe general features of an amphipathic b hairpin are
(POPC) and cholesterol, except that either 10 mol% of the POPCconserved in all of the sequenced CDCs (not shown),
was replaced by a nitroxide-labeled phospholipid, 1-palmitoyl-2-
and it is likely that two membrane-spanning b hairpins stearoyl-(12-doxyl)-sn-glycero-3-phosphocholine (12-NO-PC), or 20
will be found for all CDCs. mol% of the POPC was replaced by 1-palmitoyl-2-stearoyl-
(7-doxyl)-sn-glycero-3-phosphocholine (7-NO-PC). In some experi-Recently, Gilbert et al. (1999) proposed a model for
ments, liposomes containing fluorescent-labeled lipids were pre-structural transitions that occur during the binding of
pared using 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,pneumolysin, a CDC produced by Streptococcus pneu-
24-bisnor-5-cholen-3b-ol (NBD-cholesterol; Molecular Probes, Eu-
moniae, to the membrane. To fit the crystal structure of gene, OR) (0.2 mol% of total lipid) or 1,2-dipalmitoyl-sn-glycero-3-
the PFO soluble monomer to cryoelectron microscopy phosphoethanolamine-N-(7-nitro-2-oxa-1,3-diazol-4-yl) (NBD-PE) (0.2
images of the pneumolysin oligomer they have proposed mol% of total lipid), and the amount of POPC, NBD-PE, NBD-choles-
terol, and cholesterol were adjusted to maintain a 55:45 molar ratiothat both TMH1 and domain 4 are only partially inserted
of sterol to phospholipid.into the membrane in the pneumolysin oligomer. Based
on previous studies by Nakamura et al. (1995), it is clear
Fluorescence Spectroscopy
that domain 4 interacts with the bilayer, although the Intensity measurements and collisional quenching experiments
extent of this interaction remains unclear. However, both were performed using the same instrumentation and procedures
TMH1 and TMH2 show a pattern of quenching by 12- described earlier (Shepard et al., 1998) in buffer A (50 mM HEPES
[pH 7.5], 100 mM NaCl) at 258C. The excitation wavelength wasNO-PC that is consistent solely with a transmembrane
either 468 or 470 nm and the emission wavelength was 530 nm. Theorientation of the hairpins. These quenching data are
bandpass was usually 4 nm.not consistent with the suggestion of Gilbert et al. (1999) For collisional quenching of fluorescence using iodide ions, the
that TMH1 inserts only partially into the bilayer and that data were analyzed according to the Stern-Volmer equation:
TMH1 packs against domain 4 in the membrane-bound
(F0/F) 2 1 5 Ksv [I2]oligomer. If these conclusions were true, then those
residues in TMH1 predicted by Gilbert et al. (1999) to where F0 is the net emission intensity in the absence of quencher,
F is the net emission intensity in the presence of [I2], and Ksv is theface domain 4 would not be accessible to collisional
Membrane Insertion of a Cholesterol-Dependent Cytolysin
299
Stern-Volmer quenching constant. Ksv is equal to kqt0, where kq is the Olofsson, A., Hebert, H., and Thelestam, M. (1993). The projection
structure of perfringolysin-O (Clostridium perfringens theta-toxin).bimolecular quenching constant and t0 is the fluorescence lifetime in
the absence of quencher. kq values were determined by a linear FEBS Lett. 319, 125±127.
least-squares analysis of the combined data from at least two inde- Olson, R., Nariya, H., Yokota, K., Kamio, Y., and Gouaux, J.E. (1999).
pendent experiments. Crystal structure of Staphylococcal LukF delineates conformational
changes accompanying formation of a transmembrane channel.
Nat. Struct. Biol. 6, 134±140.Quenching of NBD Emission Intensity
by Spin-Labeled Phospholipids Petosa, C., Collier, R.J., Klimpel, K.R., Leppla, S.H., and Liddington,
The emission intensities of samples of monomeric NBD-PFO (50± R.C. (1997). Crystal structure of the anthrax toxin protective antigen.
200 nM) in buffer A were measured at 258C, and then excess lipo- Nature 385, 833±838.
somes, either with or without 7-NO-PC, were added to each sample Rossjohn, J., Feil, S.C., McKinstry, W.J., Tweten, R.K., and Parker,
to a final concentration of 50±200 mM total lipids. After incubation M.W. (1997). Structure of a cholesterol-binding thiol-activated cyto-
at 378C for 40 min, the samples were returned to 258C and their lysin and a model of its membrane form. Cell 89, 685±692.
intensities were redetermined. These intensities were normalized to
Shepard, L.A., Heuck, A.P., Hamman, B.D., Rossjohn, J., Parker,account for differences in NBD-PFO content in each sample. F0 was
M.W., Ryan, K.R., Johnson, A.E., and Tweten, R.K. (1998). Identifica-the oligomer intensity in the nitroxide-free sample and F was the
tion of a membrane-spanning domain of the thiol-activated pore-oligomer intensity in the sample containing nitroxide-labeled phos-
forming toxin Clostridium perfringens perfringolysin O: an a-helicalpholipid. Experiments using 12-NO-PC were done in exactly the
to b-sheet transition identified by fluorescence spectroscopy. Bio-same way, except that the intensity measurements were done at
chemistry 37, 14563±14574.108C. The extent of quenching of NBD-cholesterol and NBD-PE was
Shin, Y.K., Levinthal, C., Levinthal, F., and Hubbell, W.L. (1993).measured under the same conditions and using the same lot of 12-
Colicin E1 binding to membranes: time-resolved studies of spin-NO-PC.
labeled mutants. Science 259, 960±963.
Song, L.Z., Hobaugh, M.R., Shustak, C., Cheley, S., Bayley, H., andFluorescence Lifetimes
Gouaux, J.E. (1996). Structure of staphylococcal alpha-hemolysin,Time-resolved fluorescence measurements were obtained at 258C
a heptameric transmembrane pore. Science 274, 1859±1866.in buffer A as before (Shepard et al., 1998). Samples containing
90±1200 nM of NBD-labeled PFO were used for the analysis of the Tweten, R.K. (1995). Pore-forming toxins of the gram positive bacte-
ria. In Virulence Mechanisms of Bacterial Pathogens, J.A. Roth,soluble state of the toxin. For the analysis of the membrane-bound
state, 90±300 nM of NBD-labeled PFO was incubated (40 min, 378C) C.A. Bolin, K.A. Brogden, C. Minion, and M.J. Wannemuehler, eds.
(Washington, D.C.: American Society for Microbiology), pp. 207±230.with liposomes prepared as above (molar ratio of PFO to total
lipids 5 1:1000).
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